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1. ABSTRACT

This report presents a suite of root-mean-square (RMS)
computer generated ride quality courses in the range of
0.10 to 5.00 inches RMS for use in evaluating vehicle
dynamics by computer simulation.

Power Spectral Density descriptions of each surface
profile were used with digital simulation of stationary
random processes to generate distance histories.
Theoretical foundations and background on random
processes and analysis of them are referenced.

For the specific example of surface profiles the
mathematical preliminaries demonstrated the
particular analytical techniques necessary to simulate
random processes and apply it to surface profiles. In
our examples the surface profile description was a
one sided power spectral density function with
defined constant slope frequency domain.

With the ability to simulate surface profiles and the -2
(log scale) slope description restriction the constant

¢ was determined relating the surface roughness
parameter, RMS, to the PSD surface profile
description, allowing for the generation of a set of
courses to simulate any desired level of surface
roughness.

2. INTRODUCTION

One of the driving forces in evaluating vehicle
dynamics is the surface profile. Simulations of
vehicle dynamics are used to predict system
performance based on human tolerance limits to
vibration levels over a specified roughness course.

Descriptions of surface profiles have been presented
in Van Deusen (1967), Dodds and Robson (1973),
Healey et.al. (1977). A generalized case for relating
random processes to surface profiles is addressed in
Shinozuka (1971).

Computer generation of these RMS roughness
courses is based on the simulation of stationary
random processes, by which the designer can define
the type of surface profile desired through frequency
content and generate a time series.

2.1 Random Processes

Random processes are used to mathematically
represent a surface profile since

naturally occurring surfaces are not predefined and
depending on the current geographical area do have
variability in them. Naturally occurring phenomenon

and environmental conditions, such as rain, wind,
snow, and temperature fluctuations cause changes to
occur. For in-depth coverage of random processes
Papoulis (1984) is highly recommended.

2.2 Power Spectral Density
To generate roughness courses the fundamental
relationship between the Power Spectral Density

(PSD) function, S c (W), and the distance domain,

g(x), needs to be found where the PSD is the
Fourier Transform of the auto-correlation function

S, (w) = %ng (e M dv
1)

and the auto-correlation function can be gotten from
the PSD through the inverse Fourier Transform

400

R, ()= ng(w)efmdw

@
where
R (@) = Elg(x +v)g * ()]

€)
with ¥ [ ] being defined as the standard expectation

operator. For real-valued random processes the auto-
correlation function is even which reduces the PSD to

S, (w)= ?Rg (t)cos(wt)dr .
_ @

giving a real-valued, even PSD of w.

2.3 Random Process Simulation
Simulation of the random process requires the use of
the relationship between the surface profile function

g(x) and the PSD function S, (w). The forward

operation

g§(x) =S, (w)

©®)
known as the PSD is defined in (1). Proakis and
Manolakis (1988) discuss many well known methods
for calculating PSD's. Less obvious is the reverse
operation

S, (w) = g(x).

O]
The difficulty lies in that g(x) is in terms of the
auto-correlation function. A direct extraction of
g(x) from R, (v is problematic.



Sw)

method to the multi-dimensional case.

2.4 Generation of Surface Profiles
It is generally accepted that the PSD of a surface
profile can be represented as

—-n

wl w2 w3

Figure 1 - Example Power Spectral Density function

From (2) and (3) the expected value relates the
distance function to the PSD identifying a
relationship that will satisfy (6). Through the use of
trigonometric identities and conveniently chosen
probability distributions Shinozuka and Jan (1972)
determined the relationship to be

g(x) = \/52 JSg (W )Aw, cos(Wix +9,)

Q)
where ¢ is a random phase angle uniformly
distributed between 0 and 27,

_ wupper = Wiower

Aw, = with w = w, and

N wpper
Wyer = W, as depicted in Figure 1,

W, =W, +(k—-0.5)Aw, , and

Wi = w, +Ow where Ow is uniformly distributed
—Awi  + AW}

between an > where

2
Aw'x << Aw, to avoid periodicity.

Equation (7) assumes a zero mean, both in ensemble
average and temporal mean. Shinozuka and Jan
(1972) detail the theoretical basis for these
requirements and show the applicability of this

c,w W sWwW<w
Sg (W) - 1 . ’ 1 2
C,W 2, W, S W< W,
®
as shown in Figure 1.
A
Slope = -2
S(w)
’
wl w2 w3

Figure 2 - Example Power Spectral Density function
with constant -2 slope

As noted by Sevin and Pilkey (1971) most surfaces
can be approximated by

S, (W)y=cw?, w,sw<w,

)
alone. For this special case note the logarithmic plot
is
log(S, (w)) = -2log(w) + log(c)

(10)
which produces a straight line with slope of -2 as
shown in Figure 2.

Further, Parseval's Theorem states that the variance of
g(x) is the arca under S, (W). An often used

measure of surface roughness is the root-mean-square
(RMS) value
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which is the standard deviation, O , or the square-gooz
of the variance for zero-mean g(x) . Given the -2
slope assumption in (10) and using Parseval's
Theorem ¢ is directly related to RMS by

w,w,

c==(lh&£$)2z;z;tr;;;).

(12)
For various levels of RMS roughness the
corresponding € can be found and used to define the
PSD from Figure 2 which, when simulated, will
produce a course with the desired roughness.

The more general case in (8) adds flexibility to the
surface profile description of the PSD which it
estimates, although it has been found that (9) can give
a good approximation to the PSD within a band of +/-
3dB.

Ashmore and Piersol (1997) have determined surface
profiles based on the definition in (9) for military and
commercial roads.

3. RESULTS

The following pages show figures of the generated
surface profiles from 0.10 to 5.00 inch RMS in 0.1
increments. Each is 1000 feet with 3 inch samples
(4000 points). Each contains the PSD plot with

original surface profile description, S, (W), between
+/- 3dB bands and circle points of the PSD generated
from g(x) in the first pane. The second pane is a

sectional plot of g(x) , with the third pane containing

a histogram of the full signal. Dimensional units are
2

not included with the plots but are in -f—/—— for

fe

S, (w) and ft for g(x). The shape of the
histogram should be noted as that of a Gaussian
distribution, with parameters of pL =0, the mean, and
O , the standard deviation. This should not be
surprising since the Central Limit Theorem of random
variables applies from the summation in (7).
Increased RMS levels are also shown by the spread
out histogram which corresponds to greaterO since

the area of S, (W) is related to RMS through

Parseval's Theorem.

For each RMS level (0.10 - 5.00 inches in 0.1
increments) ten surface profiles g(x) were

generated. Figures 3-52 show only one of these for
each RMS level. Figures 53-102 are plots of each
profile in its entirety with units of inches versus feet.
Figures 103-105 show the comparative RMS level
between 1.00, 3.00, and 5.00 inch RMS courses all
plotted on the same scale (-20 to 20 inches). For
reasons of brevity, an example listing of the surface
profile (5.00) file is included for reference purposes.
Each file is in American Standard Code for
Information Interchange (ASCII) with the following
format:

~—~BOF~-—

label

length (points), spacing (inches)
elevation point #0 (inches)
elevation point #1 (inches)

~~~EOF-~-

Below is a specific example.

—--BOF---

RMS ROUGHENESS COURSE 1
4000, 3.0

0.0123

0.1236

-0.0900

———EOF——-

For each elevation point the distance is
point#*spacing (starting at zero).



3.1 RMS Course PSD's
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3.2 Full RMS Course Plots
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3.3 RMS Course Listing Example

RMS5 .00~
0l.txt

/magnitude,d
x in inches

4000,
3.000000
1.10645¢
1.699111
4.480530
4.536882
4.798883
4.353879
4.490341
6.713574
6.079264
6.773306
3.550467
2.852696
3.962392
4.754118
3.363454
2.519768
2.796773
3.204974
2.877470
3.752613
2.955834
1.066049
1.967376
2.261646
2.588638
3.311203
3.476291
2.747888
3.487749
3.181528
2.653141
3.341127
5.774045
5.761693
2.942087
5.308822
5.663077
5.309498
6.140717
5.403115
5.237522
3.512156
3.438887
5.453473
6.719163
4.939756
3.381021
5.462843
3.598438
4.099346
5.418979
5.434635
5.071425
6.773321
5.744903
5.371163
5.338371
4.716708
3.517803
3.745017
4.074015
3.091856
2.474767
2.810496
-1.263362
-3.100105
~5.522875
~4.956395
-5.283565
-5.194948
-4.367507
-4.038963
~2,112016
-1.495344
-3.307601
-3.044639
-4.563103
-3,182024
~-2.378136
-2.479542
-1.195844
0.987556
0.886271
-0.404255
-1.961691
-2.573076
-2.391713
-2.762082
-2.569679
~2.844831
~3.149931
-4,471164
-4.444099
-5.333723
-5.119578
-3.089448
-1.660807
-3.984076
~4.164712
~5.557768
~5.487554
~6.049306
=-9.442126
~11,271379
~9.636999
-10.262605
-10.712720
-8.937425
-9.493497
-6.153983
-5.859200
-5.167168
-5.111676
-5.070605
~4.000615
-4.009253
-1.485144
-0.296352
-0.562298
~1.545236
-0.338340
1.356629
2.606281

jL.218093

0.983325
1.980712
1.944331
2.233902
2.393708
2.423254
2.972339
4.,239255
4.291829
3.244792
4.643449
4.074436
4.462690
5.765694
3.486668
4.240444
3.217577
3.080462
1.753535
0.877995
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